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Abstract
The qualitative change of beam dynamics when the field
quality changes from LEP to LHC standards : detunings,
quadratic or more with amplitude, first–order resonances
still dominate but sub–resonances and higher–orders reso-
nances can be very active, e.g. (1, –1). The dynamic and
mechanical apertures are close. Good diagnostics are es-
sential to disentangle them : measurement of lowest–order
non–linear parameters such as detunings, 3rd order chro-
maticity and resonance strengths as routine operation. The
non–linear MAD model of the machine must be handy in
the control room.
1 INTRODUCTION
The non–linearities of magnetic field guiding and focussing
elements affect the single particle stability of electron and
hadron machines in very different ways. In order to appre-
ciate these differences I will first discuss the various ma-
chine parameters of LEP and LHC and their effect on par-
ticle motion. From this it follows that we have to define the
dynamic aperture differently for both types of machines.
For the LHC with its superconducting magnets, the non–
linearities are most important at injection energy. Our strat-
egy to minimise their effects is discussed and also what
consequences will arise for the LHC operation. Lastly, I
will sketch what has to be done to prepare a successful
commissioning of the LHC in the light of these large non–
linearities.
2 LEP AND LHC IN COMPARISON
In Tab. 1 the different machine parameters for LEP and
LHC are summarised. The damping times are very short
in the case of LEP while for the LHC they are beyond
the period of time the beams will stay in the LHC even
at collision energy. The particle motion in the LHC is
therefore basically undamped, with a very long memory
(i.e. any excitation of the particle motion will stay unless
it is damped externally) and the particle distribution will
not necessarily be Gaussian but instead will depend on its
previous history. In LEP however, the stability of single
particle motion does largely profit from its strong damp-
ing, i.e. most disturbances will be “forgotten” after 1 or 2
damping times. Another consequence of the damping and
the quantum excitation, in the case of LEP, is the fact that
the emittance is increasing quadratically with energy, while
for the LHC the emittance is decreasing linearly with en-
ergy. Lastly, the beam cross–section of LEP is flat while for
LHC it is round. This implies a simpler situation with re-
spect to transverse resonances in the case of LEP since one
has to worry mostly about purely horizontal resonances.
However, for the LHC all transverse resonances have to be
avoided.
Parameter LEP LHC
E[GeV] Inj. 20 450
E[GeV] Col. 100 7000
Damping Time Inj 4000 2 · 1012
[Turns] Col 40 5 · 108
Strong Damping No Damping
No Memory Very Long Memory
=⇒ Gaussian Distribution can be
Distribution non Gaussian;
depends on History
Emittance vs. Energy ∝ E2 ∝ 1/E
Transverse Beam Cross-section flat round
Type of Nonlinearities Chromatic High Order Field Errors
Sextupoles of SC Magnets
only –Systematic & Random
–Pers. Curr. Large at Inj.
Injection Accumulation On–Axis (as SPS)
Process (betatron or synchrotron)
– Dyn. Aper. in Terms of
Beamσ not meaningful
=⇒ – Mechanical Aperture – Dyn. & Mech.
needed to accommodate Aperture close
inj. & circ. Beam
Detuning transverse usually small enough must be
@ Inj. momentum made small (detuned optics) controlled
Qs ∝ 0.1 0.006–0.002
=⇒ Synchro–Betatron Important Not much of a
Resonances Concern
Evaluation of Dyn. Aper. 1 or 2 τ 107–108 Turns
Table 1: Parameter List for LEP and LHC
A major difference is the kind of multipolar errors which
are relevant for the particle stability. For LEP there are only
chromatic sextupoles, while in the case of the LHC one has
to deal with high oder multipolar errors of the main super-
conducting dipoles and quadrupoles. In fact, there are sys-
tematic and random components and at injection there are
strong persistent current components which are not even
constant in time.
As a consequence the injection process is very different
for the 2 machines. In LEP one accumulates particles and
the dynamic aperture is not really important under normal
conditions, while for the LHC one has to inject on axis.
Moreover, for LEP the mechanical aperture is just needed
to accommodate the injected and the circulating beam. In
the LHC the main issue is if the dynamic aperture is big
enough with respect to the mechanical aperture.
The transverse and momentum detuning and also the res-
onances (even to high order) have to be carefully controlled
for the LHC in particular at injection energy, where LEP is
relatively insensitive to these disturbances. There is how-
ever one effect, the synchro–betatron resonances, which are
more prominent in the case of the LEP. This is due to the
fact that the Qs is almost 2 orders of magnitude larger than
for the LHC. In this case [1] there may be excitations of
the particle motion in the horizontal as well as the verti-
cal plane such that the full six dimensional phase space is
affected.
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3 DEFINITION OF THE DYNAMIC
APERTURE
From the last section it has become apparent that the 2
types of machines are so different that the dynamic aper-
ture originates from different mechanisms. This is because
it has to evaluated over very different time scale (see last
item in Tab. 1). Fig. 1 (an old graph taken from Ref. [2])
becomes handy to discuss this in some detail. The figure









Figure 1: Definition of long–term dynamic aperture
The phase space can basically be divided into 3 parts:
at small amplitudes the motion is mainly regular and most
particles in this regime could stay in the accelerator forever;
at large amplitudes the motion becomes unbounded and
particles are lost over a few turns; between these two one
finds the chaotic regime from which particles will slowly
drift to larger amplitudes until they reach the unbounded
region. In LEP the (short–term) dynamic aperture is close
to the unbounded regime since the tracking has to be per-
formed for just 2 damping times [3, 4]. For the LHC, how-
ever, the onset of chaos has to be taken as the (long–term)
dynamic aperture, i.e. the border between the regimes with
regular (small amplitude) and chaotic motion, respectively.
Unfortunately, this border cannot be predicted with cer-
tainty neither by theory nor by tracking simulations. The
latter approach is limited by computing power, even though
the codes are optimised and a dedicated cluster of comput-
ers has been purchased by the LHC project management
(in fact, until the commissioning of the LHC the NAP [5]
project will have costed the equivalent of one dipole mag-
net).
Fig.1 can also serve to describe the importance of de-
tuning and the strengths of resonances. The tune working
point is defined at zero amplitudes. Due to various mul-
tipoles (e.g. octupoles) there is amplitude dependent de-
tuning. For example, in the sketch the detuning drives the
particles into the third–order resonance where the motion
becomes unbounded. For LEP the detuning has to reach a
strong resonance to cause fast particle losses otherwise par-
ticle motion stays bounded. In the LHC the detuning and
the multitude of weak resonances cause the chaotic regime
at medium amplitudes from which particles may be lost af-
ter many number of turns.
Finding the dynamic aperture for a complicated structure
like the LHC with its many thousands of different multi-
poles is a very tedious job and it is impossible to arrive
at rigorous results. Traditionally, one has therefore aimed
at a safety margin of a factor 2 (for instance applied for the
tracking of the HERA proton ring). A crude but pessimistic
scaling [6] arrives at about a factor of 2 for the LHC as
well. This scaling summarises the overestimation due to
computing limitations, the lack of sufficiently dense param-
eters scans, unstudied effects and the unknowns which are
estimated from controlled experiments. In the future more
effort will be needed to include all relevant effects in the
tracking simulations and to study more systematically the
dynamic aperture for existing accelerators under realistic
conditions.
4 STRATEGY TO DEAL WITH THE
NON–LINEARITIES
The non–linearities of superconducting magnets are to a
large extent unavoidable due to the fact that the coils them-
selves have to create the desired field [7]. It therefore re-
quires an elaborate strategy to deal with this problem:
4.1 Optimisation of Magnets
The first approach is, of course, to fight the problem at the
source, i.e. improve the field quality of the magnets. In-
deed, there is the possibility to influence particular mag-
netic components by modifying the design of the magnet.
However, these changes require careful analysis and tend
to make the magnets more expensive.
4.2 Flexible Optics
The next best solution is to design a lattice that allows to
adjust the important parameters. It should also be intrinsi-
cally robust against non–linear effects. One of the crucial










































































































Figure 2: Fractional tunescan for the LHC lattice version 5
Fig. 2 shows a typical example of a tunescan to search
for an optimal tune working point. The horizontal and ver-
tical fractional tunes are varied between 0.1 and 0.4. The
difference between horizontal and vertical is kept constant
at 0.03 to keep a considerable distance to the diagonal (Qx
– Qy) which is driven by various multipolar components
and has therefore to be avoided.
4.3 “Resonance Free” Lattice
Concerning the robustness of the lattice an idea has re-
cently been put forward [8] to adjust the horizontal and ver-
tical phase advances per cell in such a way that almost all
resonances to first order in the strength of the systematic
multipole components are self–compensated. These sys-
tematic components are presently believed to dominate the
dynamic aperture. Resonances due to random multipolar
components are not addressed and we are also left with the
higher–order resonances. At the moment we are investigat-
ing this scheme for the LHC under realistic conditions.
4.4 Elaborate Correction System
If all fails one has to resort to installing correction systems.
Tab. 2 holds the dangerous multipolar components of the
main dipoles and their effect on single particle stability.
Multipole Effect
b3 Q
′ ± 500 & Dyn. Aper.




a2 Turning Eigenplanes⇒ Operation
a3 Chromatic Coupling [9]⇒ Operation
a4 Large (1, –1) Resonance⇒ Dyn. Aper.
Table 2: Multipolar components and their effect on single
particle stability
The b3 and b5 components are so strong that a correc-
tion is mandatory. Since early in the project a spool piece
correction system has been foreseen with each corrector
kind at every dipole. But also the b4 components lead to
a considerable reduction of the dynamic aperture [10]. In
Fig. 3 the detuning (due to the b4 components of the main
dipoles) is shown in the Qy versus Qx diagram at an am-
plitude of 8 beam σ. The entries with a wide spread (open
circles) are 60 representations of the b4 main dipole compo-
nent which vary randomly from octant to octant. The small
cloud (open triangles) close to the working point (large dot
at Qx = .28, Qy = .31) is due to higher order detuning after


























Figure 3: Detuning at 8 beam σ due to the b4 components
of the main dipoles
Interesting is the case of the skew octupole components





























Figure 4: The resonance (1, –1) due to a4 components of
the main dipoles
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A resonance analysis (see Fig. 4) shows that the (1, –1)
resonance is strongly excited. This is a subresonance, i.e.
compared to the multipole order the order of the resonance
is smaller by a multiple of 2. These resonances should
not be confused with the well known linear coupling reso-
nance. Although the latter is also a (1, –1) resonance it has
no amplitude dependence, while the skew octupoles drive
this resonance as a function of both horizontal and vertical
invariants. The a4 components in the main dipoles causes a
significant reduction in the dynamic aperture which could
be recovered by correcting the (1, –1) resonance with a a 4
spool piece system. It has to be noted, that after the study
had been completed the magnet designers found ways to
avoid the large a4 components in the dipoles. This demon-
strates the presence of some of the desired feedback be-
tween non–linear analysis and magnet design.
Lastly, there are also the a2 and a3 components. Al-
though these components seem not to have a large impact
on the dynamic aperture, they are nevertheless a nuisance
for the machine operation since they turn the eigenplanes
or lead to large chromatic coupling, respectively. Note
also, that several of these components vary the linear or
the higher–order chromaticity substantially.
5 CONSEQUENCES FOR THE LHC
OPERATION
We are just beginning to reflect on the issues concerning
the LHC operation which is still some 5 years ahead of us.
However, it is already clear today that the non–linearities
and their correction will be a major worry during the com-
missioning period and also during machine operation. We
will need a very good knowledge of the measured field er-
rors, including constant information from reference mag-
nets, to steer the various corrector systems. But we will
also need routine measurements of:
• Transverse detuning up to 8σ even at collision energy
(appropriate kickers will be installed)
• Momentum detuning: Q′,Q′′ ,Q′′′
• Resonance orders: 3rd, 4th, 5th
• Moreover, these quantities change with time (dynamic
effects)
This raises the questions about the observables needed
for measurement and correction. The amplitude and mo-
mentum detuning measurement procedures seem to have
advanced in recent years at least for the part linear in invari-
ant or momentum deviation, respectively. For the higher–
order terms and in particular for the resonance terms we
have little experience yet.
These more sophisticated techniques need a lot of prepa-
ration before the LHC will be switched on:
• Together with experts of BI we will have to push the
beam instrumentation systems to their ultimate perfor-
mance levels.
• Experiments are prepared at various accelerators to
learn how to measure and correct resonances reliably.
The end product should be a high–order non–linear
model of the LHC via experimental data.
• The theoretical model can then be adjusted to the one
derived from experimental data.
• This corrected model can then be fed to the real–time
tracking computer NAP to evaluate non–linearities
and correction strategies.
6 CONCLUSION
It will definitely be difficult to commission and to run the
LHC, but probably also a lot of fun, given that we are well
prepared.
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